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INTRODUCTION
Desulfitobacterium spp. are Gram-positive anaerobic bacteria belonging to the phylum Firmicutes. They have a versatile metabolism, carrying out fermentation and anaerobic respiration with a large number of different electron donors and acceptors. Most of the characterized isolates have been described as able to couple dehalogenation of organohalides to energy conservation, in a respiratory manner, and are therefore referred to as organohalide-respiring bacteria (OHRB). Many desulfitobacteria are also able to respire other toxic and/or environmen-tally harmful substances such as arsenate and selenate. Furthermore, desulfitobacteria take part in several globally important biogeochemical elemental processes such as the nitrogen and sulfur cycles (Villemur et al. 2006; Futagami and Furukawa 2016) .
The first member of the genus Desulfitobacterium was isolated in 1992 and named strain DCB-2 (Madsen and Licht 1992) . The publication of Desulfitobacterium dehalogenans JW/IU-DC1
T introduced the Desulfitobacterium genus (Utkin, Woese and Wiegel 1994) . In 1996, strain DCB-2 was classified as the type strain of D. hafniense (Christiansen and Ahring 1996) . In the following years, a large number of Desulfitobacterium spp. strains were isolated. Desulfitobacterium hafniense strains PCP-1, TCE1, DP7, TCP-A and G2 were originally reported as members of a distinct species, D. frappieri. However, it was later shown that both D. hafniense and D. frappieri belong to the same species, and they have subsequently been merged under the name of the first described species, D. hafniense (Niggemyer et al. 2001; Villemur et al. 2006) . The genus Desulfitobacterium contains at least six different species (Table 1 , Fig. S1 , Supporting Information; Futagami and Furukawa 2016) . Desulfitobacterium spp. are generally described as capable of reducing sulfite but not sulfate (Utkin, Woese and Wiegel 1994; Villemur et al. 2006) . Despite the great interest in Desulfitobacterium spp., only four genomes from two different species are thoroughly described in the literature: D. hafniense strains Y51, DCB-2, PCE-S and D. dehalogenans JW/IU-DC1
T (Nonaka et al. 2006; Kim et al. 2012; Goris et al. 2015a; Kruse et al. 2015) . The average size of the published genomes so far is 5.3 Mbp, which is among the largest genome size of OHRB described hitherto. Surpassing that of the obligate Dehalococcoides mccartyi (Löffler et al. 2013 ) by more than 4 Mbp and the other Firmicutes OHRB Dehalobacter (Maillard and Holliger 2016) by about 2.5 Mbp. This is in line with the versatile metabolism of Desulfitobacterium spp. which is also reflected by the high number of molybdopterin oxidoreductase and flavoprotein encoding genes, the products of which often take part in anaerobic respiration (Nonaka et al. 2006; Kim et al. 2012) . Contrary to the 11-36 reductive dehalogenase genes (rdhA) found in currently available De. mccartyi genomes (McMurdie et al. 2009; Zinder 2016) , the genomes of Desulfitobacterium spp. only encode up to seven rdhAs. Analysis of the four well-characterized Desulfitobacterium spp. genomes confirmed that they have a very versatile metabolism. Around 30 genes encoding fumarate reductase paralogs and more than 50 molybdopterin oxidoreductase genes were found in the D. hafniense genomes, while only 10 and 39 were found in the smaller genome of D. dehalogenans (Nonaka et al. 2006; Kim et al. 2012; Goris et al. 2015a; Kruse et al. 2015) .
The availability of full-genome sequences has greatly expanded our understanding the metabolism of Desulfitobacterium spp. For example, the analysis of the genome of D. hafniense DCB-2 T led to identification of genes for nitrogen fixation, a trait that was later verified experimentally (Kim et al. 2012) . We here present the genome sequences of eight additional members of the Desulfitobacterium genus, covering two additional species, D. dichloroeliminans and D. metallireducens, from which whole genomes had not previously been published. We analyzed and compared 12 genomes of Desulfitobacterium spp. with special emphasis on linking current knowledge on their physiology with genome analysis.
MATERIALS AND METHODS

Growth of strains
Desulfitobacterium spp. were obtained from different sources as listed in Table 1 , cultivated under anoxic conditions in 500 ml bottles containing 250 ml culture medium under an atmosphere of 100% N 2 . D. dichloroeliminans DCA1 T was grown as described previously (De Wildeman et al. 2003) . Desulfitobacterium metallireducens 853-15A T was grown in DSM-838 medium as recommended by Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). Remaining strains were cultivated in basal medium as described previously (Neumann, Scholz-Muramatsu and Diekert 1994) , supplemented with 1 g/l yeast extract, and the following modifications. After autoclaving, the medium was supplemented with vitamins and trace elements from anaerobic filter-sterilized (0.22 μm pore size) stocks giving final concentrations per liter medium of 1. 
DNA extraction
Cells grown fermentatively on pyruvate were harvested from early stationary phase cultures by centrifugation, resuspended in TE buffer (10 mM Tris, 20 mM EDTA, pH 8) and stored at -80 • C, until DNA was extracted according to the cetyltrimethylammonium bromide protocol recommended by the DOE Joint Genome Institute (JGI, Walnut Creek, CA, USA) (https://jgi.doe.gov/user-program-info/pmo-overview/protocolssample-preparation-information/). DNA was stored in H 2 O at -80
• C, prior to sequencing. Integrity of DNA was validated by gel electrophoresis of aliquots of the extracts. Purity was validated by PCR amplification, cloning and sequence analysis of 16S rRNA genes as described previously (Kruse et al. 2014) . Genome sequencing and annotation was done by the JGI following in house standard procedures as described before , except D. hafniense DP7, which was sequenced and annotated by the Genome Center, Washington University School of Medicine (St. Louis, MO, USA).
Tools used for genome analysis and visualization
Genomes were analyzed using the tools available through the JGI integrated microbial genomes comparative analysis system (Chen et al. 2017) , and the EMBOSS software suite (Rice, Longden and Bleasby 2000) . Predicted function of genes was evaluated using the Simple Modular Architecture Research Tool (SMART) (Letunic, Doerks and Bork 2009) and Interpro (Mitchell et al. 2015) . Signal sequences were identified with SignalP in sensitive mode (Petersen et al. 2011) ; RdhC alignment was done using Bioedit (Hall 1999) . Transmembrane helices were predicted using TMHMM (Krogh et al. 2001) and Phobius (Käll, Krogh and Sonnhammer 2004) . Genomes were visualized and aligned using the Artemis genome browser v16 and the Artemis comparison tool v13 (Rutherford et al. 2000; Carver et al. 2005) . Phylogenetic analyses were done with JSpecies (Richter and Rosselló-Móra 2009), pan and core genomes were determined with the CMGbiotools package, as described previously (Snipen et al. 2009; Vesth et al. 2013) . Protein identities were calculated using Matrix Global Alignment Tool (MatGAT) with default settings (Campanella, Bitincka and Smalley 2003) . Sequence alignments and phylogenetic trees were constructed with Clustal X (Larkin et al. 2007 ) and MEGA5 (Tamura et al. 2011) . The Interactive Tree of Life was used for visualizing circular phylogenetic trees (Letunic and Bork 2011). Hydrogenases were classified with HydDB (Søndergaard, Pedersen and Greening 2016) .
Availability of genomes
The annotated genomes used in this study are available through the resources indicated in Table 1 RESULTS AND DISCUSSION identity (ANI) has been proposed as an easily reproducible in silico alternative to DNA-DNA hybridizations for strains with a completely sequenced genome (Goris et al. 2007) . It has been shown that ANI values of 94%-96% correspond to the 70% threshold used as the species boundary for DNA-DNA hybridizations (Goris et al. 2007; Richter and Rosselló-Móra 2009; Kim et al. 2014) . ANI analysis confirmed the species assignments of all analyzed desulfitobacteria and showed that strain PCE1 belongs to D. dehalogenans. It will therefore be referred to as D. dehalogenans PCE1 here on (Table S1 , Supporting Information). Most strains with closed genomes harbor between five and eight 16S rRNA gene copies (Table 2) , except D. dehalogenans PCE1, which only encodes three 16S rRNA genes.
Genome features and strain classification
To get a deeper insight into the comparative genomics among the 12 different Desulfitobacterium spp. genomes, pan and core genome plots were constructed, using the CMG-Biotools software package (Vesth et al. 2013) . The pan genome consists of genes found in at least one member of a defined group, whereas the core genome consists of genes found in all members of a defined group. Adding more genomes to the analysis would increase the size of the pan genome towards an asymptote representing the true pan genome of the group. For the core genome, the opposite will happen so it decreases towards an asymptote representing the true core genome of the group. The core genome represents basic functions often related with basic traits of the group. In contrast, the pan genome is considered a flexible pool of genes associated with adaptation to specific niches occupied by different members within a group (Tettelin et al. 2005) . Based on the genomes included in this study, the Desulfitobacterium pan and core genome consist of 10341 and 1410 genes, respectively. Both graphs take bends at the species boundaries in agreement with the expectation that the interspecies genetic variation exceeds the intraspecies variation. The graphs are not close to the asymptotes representing the total pan/core genome, and thus it can be concluded the data presented here do not cover the whole genetic diversity of the entire Desulfitobacterium genus (Fig. S2 , Supporting Information).
REDUCTIVE DEHALOGENASE ENCODING GENE CLUSTERS
Up to seven rdhA genes, encoding reductive dehalogenase homologous proteins (RdhA), were identified in the Desulfitobacterium spp. genomes (Table 2 ). The genomes of the nondechlorinating D. hafniense DP7 (van de Pas et al. 2001a ) and the one of D. metallireducens, a species described to dechlorinate Cl-OHPA, PCE and TCE (Finneran et al. 2002) , do not contain any rdhA gene (Table 2 ). The latter might be explained by a loss of the rdhA gene(s) after the strain was characterized, similar to what has been observed for pceA in D. hafniense strains Y51 and TCE (Maillard, Regeard and Holliger 2005; Futagami et al. 2006) . Alternatively D. metallireducens may have reductive dehalogenase encoding genes that do not resemble the classical rdhAs. Interestingly D. metallireducens is the only desulfitobacterium in which we did not find a crdA gene coding for a reductive dehalogenase, with no structural similarity to other RdhAs (Table S2 , Supporting Information) (Boyer et al. 2003) The reductive dehalogenase encoding genes are located in seven different gene clusters, in the following termed 'rdhcluster A-G' (Figs 1-2, Table S3 , Supporting Information), each of which encode up to five RdhAs, and are highly conserved between strains (Fig. 1) . Phylogenetic analysis revealed that three of the five RdhAs encoded by rdh cluster C reside in the same branch of an RdhA tree, indicating that they are likely the result of a gene duplication event (Fig. 2) . However, as the amino acid identity between these three homologs is only 57%-65% (data not shown) it is not possible to extrapolate the substrate of the two uncharacterized RdhAs from the data on CprA 3 . The substrate specificity of RdhAs had proven very difficult to be predicted from their sequence (Hug et al. 2013) . This is exemplified by PceA and DcaA which degrade different substrates using two different mechanisms despite having 88% amino acid identity (Kunze, Diekert and Schubert 2017) .
The minimum rdh cluster, rdhAB, encodes the reductive dehalogenase catalytic subunit RdhA and its putative membrane anchor RdhB (Neumann, Wohlfarth and Diekert 1998; Van de Pas et al. 1999; Smidt and de Vos 2004; John et al. 2006; Reinhold et al. 2012) . Three accessory genes, rdhCKT, are present in the majority of the reductive dehalogenase encoding gene clusters (rdh clusters) found in Desulfitobacterium spp. (Fig. 1) . For only two of the accessory gene products, a function has been established experimentally (for review, see Kruse, Smidt and Lechner 2016) . The rdhK gene encoding a transcriptional activator of the CRP/FNR type is found in all but two rdh clusters ( Fig. 1) (Pop, Kolarik and Ragsdale 2004; Gábor et al. 2006) . The other characterized accessory gene, rdhT, encodes a trigger factor like protein, Phylogenetic tree based on the amino acid sequence of reductive dehalogenases from the Desulfitobacterium spp. discussed in this paper. Sequences were aligned with Clustal W (Thompson, Higgins and Gibson 1994) , and a neighbor-joining tree was constructed and validated with 1000 bootstraps analysis using the MEGA5 software package (Tamura et al. 2011) . Bootstrap values higher than 50% are given at corresponding nodes in the tree. which is predicted to be involved in folding and maturation of RdhA (Smidt et al. 2000; Morita et al. 2009; Maillard, Genevaux and Holliger 2011) . The third accessory gene present in most rdh clusters is rdhC, encoding a putatively membrane-bound protein with five to six predicted transmembrane helices and in some RdhC proteins, an N-terminal secretory (Sec) signal peptide is predicted (Fig. S3 , Supporting Information). The approximately 400 amino acid residues large protein contains a putative FMN-binding motif at the N-terminus and two conserved CxxxCP motifs (Fig. S3 ) which might be responsible for the formation of disulfide bridges or ligating metal ions. A regulatory function or a role in electron transfer for this protein has been proposed (Smidt et al. 2000; Futagami, Goto and Furukawa 2014; Maillard and Holliger 2016) . rdh cluster A includes the pce/dcaABCT genes and a truncated methyl-accepting chemotaxis sensory protein pce/dcaO gene (Figs 1-2) . These gene clusters are flanked by two identical transposases belonging to the IS256 family. The predicted promoter of the pceA gene partly overlaps with the integrating site of the flanking transposase (Maillard, Regeard and Holliger 2005) . This cluster has been shown to be an active transposon that is able to excise itself from the genome of D. hafniense TCE1 and Y51 (Maillard, Regeard and Holliger 2005; Futagami et al. 2006; Duret, Holliger and Maillard 2012) . It does not encode any predicted transcriptional regulator and has been shown to be constitutively expressed in D. hafniense TCE1 and Y51 (Prat et al. 2011; Reinhold et al. 2012) . It is interesting to note, however, that PceA is not translocated across the cell membrane in the absence of PCE but instead forms large protein aggregates (Reinhold et al. 2012) , suggesting some sort of post-translational regulation mechanism. It has been shown that rdh cluster A is lost when D. hafniense Y51 and TCE1 are cultivated in the absence of PCE (Duret, Holliger and Maillard 2012; Reinhold et al. 2012) . Interestingly and in contrast to all other rdh clusters which are found in the same genomic context among the strains, we found rdh cluster A to be integrated in different genomic regions in all five strains, suggesting that the transposon has moved within the genomes.
rdh cluster B is present in D. hafniense strains DCB-2 T , LBE and PCE-S and contains the genes rdhKABC. The reductive dehalogenase in DCB-2 T is probably non-functional due to a nonsense mutation in rdhA ( Fig. 1) (Kim et al. 2012; Goris et al. 2015a) . The substrate of the encoded RdhA is not unambiguously identified, but it has been proposed to be involved in the degradation of pentachlorophenol and 2,4,5-trichlorophenol as these compounds are dechlorinated by D. hafniense PCE-S (Fig. 2 ). The latter strain only encodes two rdh clusters, i.e. rdh cluster A as described above and rdh cluster B (Goris et al. 2015a) , the latter of which is located in syntenic areas of the three strains. Table S3 ). The five rdhA subclusters are divided into a set of three and two rdhA groups separated by a 9.5-kbp region encoding eight genes conserved among rdh cluster C. One of these encodes a predicted CysG A -HemD fusion protein, which is involved in corrinoid biosynthesis (Lobo et al. 2009 ). Components of rdh cluster C have been studied in detail for D. hafniense DCB-2 T and PCP-1. Confusingly, different names have been used for homologous genes in the two strains. For clarity, we will use the names as given in the cited literature, followed by locus tags in brackets (Figs 1-2). Two of the five RdhAs encoded by rdh cluster C in strains DCB-2 T and PCP-1 have been characterized as chlorophenol reductive dehalogenases. The product of cprA 3 (A37YDRAFT 3784) of D. hafniense PCP-1 was shown to dechlorinate pentachlorophenol (PCP) to 2,3,4,5-tetrachlorophenol (TeCP) and further to 3,4,5-trichloropenol (TCP). In addition, 2,3,4-TCP was also dechlorinated to 3,4-dichlorophenol (DCP) (Bisaillon et al. 2010) . The product of cprA5 (A37YDRAFT 3802) was partially purified from D. hafniense PCP-1 and shown to dechlorinate 3,5-and 2,4-DCP to 3-and 4-chlorophenol, respectively (Thibodeau et al. 2004) . and cprA 5 increased in a dose-dependent manner in the presence of 2,4,6-TCP and 3,5-DCP. Finally, it was shown that when D. hafniense PCP-1 was cultivated in the presence of 2,4,6-TCP, expression of cprA 2 , cprA 3 and cprA 5 was induced in a sequential manner, probably as a response to the production of intermediates from the dehalogenation of 2,4,6-TCP. Taken together, these data suggest that rdh cluster C functions as one tightly regulated unit enabling D. hafniense DCB-2 T , PCP-1 and TCP-A to utilize a large variety of chlorophenols as terminal electron acceptors. The finding that CprK 4 after exposure to a range of chlorophenols induced expression of a MCP encoding gene, rdhO, is intriguing, as it suggests that Desulfitobacterium spp. are able to respond in a chemotactic manner to the presence of chlorophenols.
Comparison with the genomes of D. hafniense LBE and Y51, which do not encode cluster C, showed that the genomes are highly similar up-and downstream of rdh cluster C. We did not observe any strong deviations in GC content or dinucleotide frequencies or other indications of recent horizontal gene transfer. By comparing strains with and without rdh cluster C, we identified five additional genes as being part of rdh cluster C (Dhaf 0720-724, DeshafDRAFT 4350-4346 and A37YDRAFT 0 3778-0 3774), for D. hafniense strains DCB-2 T , TCP-A and PCP-1, respectively ( Fig. 1 ). These five additional genes encode a predicted vitamin B 12 -binding protein, an uroporphyrinogen-III decarboxylase, a pterin-binding enzyme, a small hypothetical protein and an RdhT trigger factor like protein. These proteins may have a role in insertion or modification of corrinoid co-factors. A highly similar gene array, but without the pterin-binding product, was found in four copies in the genome of Dehalobacter restrictus PER-K23, all located in Deh. restrictus rdh cluster B, which contains 11 rdhA genes . The finding of this gene cluster outside the genus Desulfitobacterium but within another OHRB strengthens the hypothesis that these genes have a role in OHR.
rdh cluster D was found in D. hafniense strain DCB-2 T , and in
D. dehalogenans strains JW/IU-DC1
T and PCE1 (Figs 1-2, Table S3 ).
It encodes a single reductive dehalogenase, CprA, that has been shown to remove halides from the ortho position from Cl-OHPA, 2,3-DCP and 2-Br-4-CP (van de Pas et al. 1999 ). This gene cluster has been studied in detail. In addition to the reductive dehalogenase CprA, it encodes several proteins potentially involved in folding and maturation of CprA. The transcriptional regulator CprK reacts with Cl-OHPA but not the dehalogenated OHPA, which leads to the interaction with DNA-binding sites (so-called dehalobox) upstream of three promoter regions within rdh cluster D (van de Pas et al. 1999; Smidt et al. 2000; Gábor et al. 2006 ). This gene cluster has previously been described as cprTKZE 1 BACE 2 (Smidt et al. 2000; Kim et al. 2012; Kruse et al. 2015) . However, careful inspection of the genomes revealed that both strains of D. dehalogenans encode an additional gene cprO, which is located downstream the cprTKZE 1 BACE 2 cluster (Fig. 1) . The product of this gene is predicted to be a membranebound methyl-accepting chemotaxis sensory protein, probably mediating chemotaxis towards organohalides as suggested for rdh cluster C.
Desulfitobacterium hafniense strain DCB-2 T encodes both rdh clusters C and D, which are located adjacent to each other. It can therefore be speculated that these represent one large 54-kbp genomic region dedicated to utilization of a wide range of chlorophenols as terminal electron acceptors.
rdh cluster E was found in D. hafniense PCP-1 and in D. dehalogenans strains JW/IU-DC1
T and PCE1 (Figs 1-2, Table S3 ). It encodes two predicted reductive dehalogenases, for which the substrate has not yet been determined. The organization of this gene cluster is unique among Desulfitobacterium spp. (Fig. 1 ). It encodes a two-component transcriptional regulator, consisting of a sensory histidine kinase, RdhS, and a DNA-binding response regulator, RdhP. These are followed by two predicted rdhA genes, whereof one has no associated rdhB gene encoding the putative membrane anchor. The corresponding RdhA amino acid sequence does not contain a Tat signal sequence, suggesting a cytoplasmic location of the catalytic enzyme. In addition to this, we found two genes, one of which is rdhMN, which encode a NapGH-like membrane-bound putative quinol dehydrogenase. The RdhMN complex could be involved in electron transport from the quinone pool to the reductive dehalogenase (Kruse, Smidt and Lechner 2016) . In Sulfurospirillum multivorans, a similar rdhMN gene pair is encoded in the pceA region and this quinol dehydrogenase is produced only when PCE is used as electron acceptor. It is worth noting that the pceA gene cluster in S. multivorans also encodes a two-component transcriptional regulator (Goris et al. 2014 (Goris et al. , 2015b . Aligning and comparing the genomes of strains with and without rdh cluster E revealed that it is located in the same genomic context of all three strains where it is found. We also found that the genomic region surrounding rdh cluster E is conserved among all strains of D. hafniense and D. dehalogenans. This suggests that this cluster was present in the last common ancestor of both species and later lost in some strains of D. hafniense. rdh cluster F was only found in D. dehalogenans strains JW/IU-DC1 T and PCE1. It encodes two predicted reductive dehalogenases (Figs 1-2, Table S3 ). One of these, PrdA, has been partially purified from D. dehalogenans strain PCE1 and shown to convert PCE to TCE (van de Pas et al. 2001b) . The other rdhA is similar to the first rdhA in rdh cluster E, as it is not followed by an rdhB gene and does not encode a Tat signal sequence. (Table 3; Table S2 , Fig. S4 , Supporting Information). The function of the majority of these proteins is not known, but for some a function has been suggested, as will be discussed together with other aspects of their metabolism throughout the following sections.
Sulfur metabolism
Desulfitobacterium spp. are generally described as capable of utilizing sulfite, thiosulfate and sulphur, but not sulfate, as terminal electron acceptors. Being exceptions to this rule, D. hafniense Y51 has been reported to reduce sulfate, whereas D. metallireducens does not reduce sulfite (Suyama et al. 2001; Finneran et al. 2002) . The activity of three gene products, namely ATP sulfurylase (Sat) and APS reductase consisting of (AprA and AprB), are required for sulfate reduction (Meyer and Kuevert 2007) . We used the amino acid sequences of Sat (DesyoDRAFT 1712) and AprAB (DesyoDRAFT 1713-1714) from the closely related Desulfosporosinus youngiae DSM17734
T as a query for a blastp search against the genomes of Desulfitobacterium spp. (Pester et al. 2012 ). We did not find sat or aprAB homologs in any of the genomes, reinforcing the notion that Desulfitobacterium spp. do not possess the known genetic machinery for utilizing sulfate as electron acceptor.
The presence of two putative tetrathionate reductases (ttrA), Dhaf 1197 and Dhaf 4785, has previously been reported for D. hafniense DCB-2 (Hensel et al. 1999; Hinsley and Berks 2002; Kim et al. 2012) . We found a Dhaf 4785 homolog in the genomes of all 12 desulfitobacteria except for D. dichloroeliminans that does not encode any ttrA homologs. In contrast, homologs of Dhaf 1197 were absent from the genomes of D. dichloroeliminans, D. metallireducens and D. hafniense strains PCP-1 and PCE-S (Table 4;  Table S2 , Fig. S4 ). To the best of our knowledge, it still remains to (Fig. S4 , Table 4). As an exception, the genome of D. metallireducens does not encode any sequences clustering with the proposed phsA/psrA genes ( Fig. S4 , Table 4 ). This is in contrast with the fact that the strain can use thiosulfate as terminal electron acceptor (Finneran et al. 2002) , pointing towards the presence of an alternative phsA gene in D. metallireducens or another function of the previously proposed phsA gene . All described Desulfitobacterium spp., with the exception of D. metallireducens , are able to use sulfite as terminal electron acceptor (Villemur et al. 2006) . In agreement with this, we found genes encoding the dissimilatory sulfite reductase, dsrAB, in the genomes of all desulfitobacteria, except D. metallireducens. The dsrAB genes are part of a larger gene cluster conserved among all sulfite-reducing desulfitobacteria (Fig. S5 , Supporting Information; Table 4; Table S2 ) (Dahl et al. 2005; Venceslau et al. 2014 ). This gene cluster consists of 17 genes organized similarly in all Desulfitobacterium spp. (Fig. S5) .
Nitrogen metabolism
Nitrogen fixation
Three subtypes of nitrogenases are currently known, Nif, Vnf and Anf, which contain either MoFe, VFe or FeFe metal clusters in their active site, respectively. Nitrogenases consist of two subunits: a monomeric component I encoded by nifH and a dior trimeric component II encoded by nifDK or anf/vnfDKG. Besides NifHDK, the accessory proteins NifENB are required for nitrogen fixation (Dos Santos et al. 2012) . Genes predicted to be involved in nitrogen fixation have previously been identified in D. hafniense Y51 and DCB-2 T . Nitrogen fixation was demonstrated in D. hafniense DCB-2 T , DP7, PCP-1 and D. chlororespirans, of which the former was suggested to possess both a standard and an alternative vanadium-dependent nitrogenase (Nonaka et al. 2006; Kim et al. 2012) . The genome of D. hafniense DCB-2 T encodes four gene clusters encoding predicted nifH homologs. Kim et al. (2012) proposed to name these nif1-4, according to the order in which they occur in the genome. We found a total of six different nif clusters in the genomes of Desulfitobacterium spp. (Table 3; Table S2 ). Clusters 1-4 were found in all D. hafniense strains, whereas clusters 5 and 6 were found in four and five members of D. hafniense, respectively. The only nif cluster present in D. dehalogenans genomes is a truncated cluster 3. No nif clusters were identified in the genomes of D. dichloroeliminans or metallireducens (Table 3 and Table S2 ). Nif1 encodes nifHDKENB, the minimum gene set for nitrogen fixation, as identified by Dos Santos et al. (2012) . It has been speculated 
Desulfitobacterium is abbreviated D. Locus tags, without prefix (see Table 1 ), of the genes encoding the catalytic subunit of tetrathionate reductase (ttrA) (Hensel et al. 1999; Hinsley and Berks 2002) and thiosulfate/polysulfide reductase (phsA/psrA) (Hinsley and Berks 2002) ; dissimilatory sulfite reductase (dsrA) (Venceslau et al. 2014 ).
(C): cytoplasmic location, (P): oriented towards the outside of the cell. * Annotated as two genes due to a frameshift mutation. When there are two putative catalytic genes, brackets are used to indicate homologous genes. Table 5 . Overview of genes involved with nitrogen metabolism discussed in detail in the text. Desulfitobacterium is abbreviated D. Locus tags, without prefix (see Table 1 ), of genes encoding the catalytic subunit of nitrate reductase (napA, narG), ammonifying nitrite reductase (nrfA), nitric oxide reductase (norB) and nitrous oxide reductase (nosZ) (Simon and Klotz 2013) (C): cytoplasmic location, (P): oriented towards the outside of the cell. When there are two putative catalytic genes, brackets are used to indicate homologous genes.
that nif2 encodes a vanadium-dependent nitrogenase (Kim et al. 2012 ). This gene cluster does, however, only contain genes with homology to vnfHEN, but no genes encoding the trimeric component II VnfDKG. We used vnfG and anfG sequences from wellknown diazotrophs (Dos Santos et al. 2012) as query for a tblastn search against all analyzed desulfitobacterial genomes. We were unable to identify any putative vnfG or anfG genes, which are essential for the vanadium and iron-dependent nitrogenases. These findings render it unlikely that nif2 encodes a functional vanadium-dependent nitrogenase. However, D. hafniense DCB-2 T , DP7, PCP-1 and D. chlororespirans Co23 T have been reported to fix nitrogen in medium where molybdenum was substituted by vanadium (Kim et al. 2012) . A possible explanation for these seemingly contradicting observations could be the presence of trace amounts of molybdenum in the medium. Alternatively, the desulfitobacterial genomes may encode a currently unknown molybdenum-independent nitrogen fixation system. Nif2-5 are all found together with ABC transporters, in line with previous observations in other bacteria, where it was speculated that this serves to couple metal transporters with the assembly of metal co-factors (Dos Santos et al. 2012 
Respiration of nitrogen compounds
We identified several genes with a predicted function in utilization of nitrate, nitrite, nitric oxide and nitrous oxide as terminal electron acceptors (Fig. S4 , Table 5; Table S2 ). All 12 Desulfitobacterium spp. genomes except D. metallireducens encode a Nap-type outward orientated nitrate reductase. The nap genes are organized as a conserved napDF-BAH:G cluster, with napG fused to napH, a unique trait for desulfitobacteria (Sparacino-Watkins, Stolz and Basu 2014). briefly, both NapA and NapB are translocated across the cell membrane where they form a complex: NapA catalyzes the reduction of nitrate to nitrite. NapH, a membrane-bound menaquinone (MK) dehydrogenase, passes electrons through NapG via NapB to NapA. NapD and NapF are cytoplasmic proteins likely involved in maturation of NapA (Simon and Klotz 2013) .
In addition to the periplasmic nap operon, the genomes of five D. hafniense strains encode a cytoplasm orientated Nar-type nitrate reductase (Table 5; Table S2 , Fig. S4 ). The nar operon consists of two genes encoding nitrate/nitrite transporters and narGHJI. The NarGHI complex is attached to the cytoplasmic side of the cell membrane. Electrons are channeled from MKs to the membrane-embedded NarI and via NarH to NarG catalyzing the reduction of nitrate to nitrite (Simon and Klotz 2013) . NarJ is a chaperone involved in assembly of the nitrate reductase. Aligning the genomes of D. hafniense strains with or without nar genes showed that the nar genes reside on an ∼12 kbp region, which in addition to the six nar genes encodes three genes with predicted function as transcriptional regulators. The synteny of all D. hafniense genomes is conserved up and downstream of the nar region. We did not find any indications of horizontal gene transfer, such as genes encoding recombinases, transposases or deviations in the dinucleotide frequency associated with the nar region (Karlin 2001) .
We found two predicted membrane-bound outward facing nitrite reductases, NrfAH, to be encoded on the genomes of all Desulfitobacterium spp. except D. metallireducens. NrfH is embedded in the membrane where it receives electrons from the MK pool, and subsequently transfers these to the catalytic unit NrfhA that reduces nitrite to ammonia (Table 5; Table S2 ). The conversion of nitrite to ammonium can both act as a respiratory process for energy conservation and a detoxification mechanism, especially as the enzyme may also reduce other toxic compounds than nitrite, e.g. hydroxylamine, hydrogen peroxide and nitric oxide (Simon and Klotz 2013) .
In addition to this, all 12 analyzed desulfitobacterial genomes contain a predicted nitric oxide reductase norBC. The NorBC complex is embedded in the cell membrane where it catalyzes the extracellular reduction of nitric oxide to nitrous oxide (Table 5; Table S2 ) (Simon and Klotz 2013) .
Lastly, all analyzed desulfitobacterial genomes except D. metallireducens encode an extracellular protein NosZ, catalyzing the reduction of nitrous oxide to dinitrogen (Table 5) . Six nos genes, nosCZDLYF, have been identified with a conserved synteny in Desulfitobacterium spp. An additionally hypothetical protein is encoded between nosZ and nosD. The encoded protein consists of around 180 amino acids and has four predicted transmembrane helices. Interestingly, using this gene as query for a tblastn against the genome of W. succinogenes, the best hit (28% identity, 75% query coverage) was to a similar hypothetical gene also located between nosZ and nosD (Baar et al. 2003) . The catalytic subunit NosZ contains a sec signal sequence and is translocated across the cell membrane. NosDLYF forms a membrane-bound complex involved in maturation of NosZ (Wunsch et al. 2003; Liu et al. 2008) . The desulfitobacterial nos genes are very similar (56% amino acid identity to nosZ from D. hafniense Y51) to the nos genes from the Gram-positive bacterium Geobacillus thermodenitrificans NG80-2 of which the nosZ has been heterologously expressed and determined to be a functional nitrous oxide reductase (Liu et al. 2008 
Arsenate reduction
Desulfitobacterium hafniense strains DCB-2 T , TCE1, PCP-1 and GBFH1 have been reported to couple the oxidation of formate and reduction of arsenate As(V) to arsenite As(III) with growth (Niggemyer et al. 2001; Luijten et al. 2004 ). We found a gene, arrA, encoding arsenate reductase in 7 of the 12 analyzed desulfitobacterial genomes (Fig. S4 , Table 3 ; Table S2 ), including D. hafniense strains DCB-2 T , TCE1 and PCP-1 reported to reduce arsenate. Desulfitobacterium dehalogenans JW/IU-DC1 T , PCE1 and D.
hafniense DP7 lack the arrA gene, in line with the observation that they do not grow with arsenate as terminal electron acceptor (Niggemyer et al. 2001; Luijten et al. 2004) . Aligning the genomes of all ArrA-encoding desulfitobacteria allowed us to identify a conserved gene cluster arrTSRCABD, putatively encoding the proteins involved in arsenate respiration. The arrSR genes encode a two-component transcription regulator system, consisting of a membrane-bound sensory histidine kinase ArrS and a response regulator ArrR. The role of ArrT is not clear; however, it was speculated to be an outward facing arsenate-binding protein (Saltikov 2011) . The arrB gene encodes an Fe-S cluster protein predicted to form a complex with ArrA, facilitating electron transfer to the latter. Electrons may be transferred from the MK pool to the outward facing ArrAB complex via ArrC, a membrane-embedded electron transferring NrfD family protein, although the exact electron transport pathway is not yet known (Saltikov 2011; Van Lis et al. 2013) . Finally, arrD encodes a chaperone, which is involved in maturation of the Arr proteins (Van Lis et al. 2013) .The genome of D hafniense Y51 encodes an additional copy of arrABD where the predicted arrA gene product is N terminally truncated (Table S2) .
Arsenate resistance
The genome of D. hafniense DCB-2 T has been suggested to encode three arsenate-resistance associated arsC genes (Kim et al. 2012) . Only one of these putative arsC genes (Dhaf 1210) was found to be co-located with other genes associated with arsenate resistance. Most likely the ArsC encoded by Dhaf 1210 confers resistance to arsenate, whereas the two other suggested ArsC homologs may have other unrelated functions. We identified one to three arsC genes (Dhaf 1210 homologs) in the genomes of all analyzed Desulfitobacterium spp. except D. hafniense DP7, forming two distinct phylogenetic groups: arsC-I and II (Table 3 , Fig. 3 ). The order of the ars genes differs between the two clusters, namely arsADRRMCRB and arsRBDAC for clusters I and II, respectively (Fig. 3) . In several strains, the ars clusters are partially deleted, most likely rendering them non-functional (Fig. 3, Table 2 ; Table S2 ). The products of arsCB are essential components of arsenate resistance (Stolz et al. 2006) . The absence of arsAB from the genome of D. dehalogenans JW/IU-DC1 T explains why this strain is inhibited by arsenate despite the presence of arsC-II (Niggemyer et al. 2001) . The function of the product of the ars genes is in brief as follows: ArsA, ATPase; (Thompson, Higgins and Gibson 1994) , a neighbor-joining tree was constructed and validated with 1000 bootstraps analysis using the MEGA5 software package (Tamura et al. 2011) . Bootstrap values higher than 50% are given at corresponding nodes in the tree. The reference bar indicates 20% base substitutions per site. The two outgroup sequences shown at the lower branch have previously been proposed to be ArsC homologs in D. hafniense DCB-2 T (Kim et al. 2012) . Numbers in the brackets are locus tags without prefix, see also Table 1 ; letters in brackets refers to the organization of the surrounding ars clusters as depicted in Fig. 7A .
ArsB, efflux pump; ArsC, arsenate reductase; ArsRD transcriptional regulators; ArsM, Arsenite S-adenosylmethionine methyltransferase (Qin et al. 2006; Stolz et al. 2006; Zhang et al. 2015) .
Resistance is achieved by cytoplasmic reduction of arsenate to arsenite by ArsA, which is then pumped out of the cell by ArsB (Stolz et al. 2006) . ArsM methylates arsenite to volatile mono-, diand tri-methylarsine, potentially leading to complete removal of As from the site by outgassing (Bentley and Chasteen 2002; Qin et al. 2006; Zhang et al. 2015) . The presence of arsM in one but not the other of the two phylogenetic distinct ars gene clusters clearly shows that Ars-I and II represent two different detoxification mechanisms.
O-Demethylases
O-Demethylases are complex protein systems consisting usually of four proteins including a corrinoid protein (OdmA). They are capable of cleaving off the methyl group from phenyl methyl ethers, which are often formed from the degradation of lignin in soil and used as electron donors by some acetogens and Desulfitobacterium spp. (Neumann et al. 2004; Studenik, Vogel and Diekert 2012; Mingo, Studenik and Diekert 2014 (Fig. S6) (Studenik, Vogel and Diekert 2012) .
Another odmA paralog (DSY3155) was found to be highly upregulated when D. hafniense Y51 was grown with vanillate as electron donor (Fig. S6 ) (Peng et al. 2011) .
Hydrogenases
Most desulfitobacteria have been shown to utilize H 2 as electron donor (Villemur et al. 2006) . All analyzed desulfitobacterial genomes encode one or more [NiFe] and [FeFe] hydrogenases, the numbers ranging from 2 for D. metallireducens to the unusually high number of 9 for most D. hafniense strains (Table 3;  Table S2 ). (HUP 1-4 ) . The catalytic subunits (HydB) from HUP 1-3 are linked to a membranebound cytochrome B, HydC and a FeS protein, HydA. Phylogenetic analysis of the large subunits of the HUP hydrogenases, encoded by hydB 1-4 , showed that they form four distinct clusters (Fig. 4) . Three of them (HUP 1,3,4 ) belong to the NiFe hydrogenase class 1a, whereas a fourth one (HUP 2 ) belongs to the oxygentolerant class 1d as determined via HydDB (Søndergaard, Pedersen and Greening 2016) . HUP 1 is a group 1a hydrogenase anchored to the membrane via a membrane-integral cytochrome b and was found to be upregulated in both D. dehalogenans JW/IU-DC1 T and D. hafniense Y51 during growth by respiration ) and a neighbor-joining tree was constructed and validated with 1000 bootstraps using the MEGA5 software package (Tamura et al. 2011) . Bootstrap values higher than 50% are given at corresponding nodes in the tree. The reference bar indicates 10% amino acid substitutions per site. The D. dichloroeliminans DCA1 T Hup3 sequences are left out of this analysis as they are disrupted by transposases. Desulfitobacterium is abbreviated D. Locus tags, using the annotation available at the Joint genome institute, with the prefix removed are given in parentheses. For color coding, see Table 1 . compared to fermentation (Peng et al. 2011; Kruse et al. 2015) . Interestingly, a HUP 1 homolog was the only HUP-type hydrogenase detected in the proteome of Deh. restrictus PER-K23 T grown with H 2 as electron donor and PCE as electron acceptor (Rupakula et al. 2013) , making it the most likely primary H 2 -oxidizing hydrogenase in Desulfitobacterium spp as well. Disruption of either hyf or hup 1 surprisingly lead to lack of growth with formate or lactate as electron donor and Cl-OHPA or nitrate as electron acceptors in D. dehalogenans JW/IU-DC1 T . The reason for this observation remains unclear. HUP 3 is also connected to a membrane-integral cytochrome b and harbors an unusual FeS cluster-binding motif in its small subunit, containing one aspartate instead of the usual cysteine ligand. This has also been found for cytoplasmic, high-affinity uptake hydrogenases in Actinobacteria (Greening et al. 2014) , but the role of this hydrogenase in Desulfitobacterium spp. still awaits elucidation. HUP 4 clusters with a soluble split soret cytochrome c gene (ssc), the role of which is unclear. The small subunit (HydA) of HUP 2 contains two additional cysteines in the binding motif for one FeS cluster, which is a signature motif for oxygen-tolerant hydrogenases (Goris et al. 2011; Pandelia, Lubitz and Nitschke 2012) . The presence of a putative oxygen-tolerant hydrogenase is remarkable, as Desulfitobacterium spp. are described to be anaerobes. One possible role for this hydrogenase might be to aid Desulfitobacterium spp. in surviving at low oxygen concentrations like reported for D. hafniense DCB-2 and D. dehalogenans JW/IU-DC1 T (Madsen and Licht 1992; Utkin, Woese and Wiegel 1994) . A cytoplasmic membrane-bound Ni-Fe hydrogenase (Hyf), found in all Desulfitobacterium spp., consists of six subunits, four of which are membrane integral. The corresponding gene cluster resembles the hyfBCEFGI components of the formate hydrogen lyase (FHL) 4 complex-encoding gene cluster (hyfABCDEFGHIRfocB) described for E. coli (Andrews et al. 1997; Smidt et al. 1999; Kruse et al. 2015 ). An FHL complex would be responsible for the oxidation of cytoplasmic formate, formed by pyruvate-formate lyase during pyruvate fermentation in Desulfitobacterium spp. That said, unlike for E. coli, no formate-specific genes (e.g. the formate transporter focB) are found in the cluster, making the formation of an FHL complex in Desulfitobacterium unsure, despite the occurrence of a gene encoding a cytoplasmic formate dehydrogenase. A similar situation is found in S. multivorans, where a function of this hydrogenase in pyruvate fermentation has been proposed, transferring electrons from ferredoxin (oxidized by pyruvate-ferredoxin oxidoreductase) to protons, thus forming hydrogen (Kruse et al. 2017) .
Fumarate reductase paralogs
Previously, the unusually high numbers of 31 and 19 putative fumarate reductase paralogous (FRP) flavoprotein encoding genes (cog1053) have been reported for D. hafniense Y51 and DCB-2 T , respectively (Nonaka et al. 2006; Kim et al. 2012 Table S2 ). Some of these likely have other functions than fumarate reduction or succinate oxidation. All of the FRPs contain a predicted FAD-binding domain, and 209 out of 258 FRPs encode a signal sequence, but do otherwise display a range of different characteristics (Table 6 ). Analysis of the FRPs from Desulfitobacterium spp. and their genomic context showed that they can be divided into five main groups: FRPs likely to be co-transcribed with genes encoding (1) Fe-S cluster proteins; (2) cytochrome Cs; (3) FMN-binding proteins; as single FRPs (4) Table 6; Table S2 ).
The physiological role has only been elucidated for one of the desulfitobacterial FRPs, namely the FRP-cluster encoding the fumarate reductase complex frdABC, which is conserved in all genomes of D. dehalogenans and D. hafniense but absent from the genomes of D. dichloroeliminans and D. metallireducens. This operon encodes the catalytic subunit, an Fe-S protein and a membrane-bound cytochrome b, with high similarity to the well-characterized, membrane-bound fumarate reductase encoded by frdABC in W. succinogenes (Kröger et al. 2002) . Transposon insertional inactivation, as well as comparative proteomics of D. dehalogenans JW/IU-DCl T grown in the presence or absence of fumarate, confirmed this gene cluster as the most likely candidate for the fumarate reductase in D. dehalogenans (Smidt, van der Oost and de Vos 2001; Kruse et al. 2015) . The absence of this operon from the genomes of D. dichloroeliminans and D. metallireducens is in line with their inability to utilize fumarate as electron acceptor (Fig. S7 , Table 3 ) (Finneran et al. 2002; De Wildeman et al. 2003) . Soluble periplasmic flavoproteins, with high similarity to the FRPs found in Desulfitobacterium spp., have been identified in a range of mainly Gram-negative bacteria belonging to the genera Shewanella and Geobacter. These are usually either co-transcribed with a small soluble cytochrome C acting as redox partner for the flavoprotein or fusion proteins containing both FAD and heme-binding domains (Pealing et al. 1992; Simon et al. 1998; Dobbin et al. 1999; Mikoulinskaia et al. 1999) . None of the FRPs were found to contain heme-binding, CxxCH, domains despite the fact that some of these proteins previously have been annotated as flavocytochrome Cs (Kim et al. 2012) . Known substrates for this type of flaovoproteins are not only the naturally occurring compounds, fumarate, mesaconate and crotonate but also the anthropogenic compound methacrylate (for examples, see Simon et al. 1998; Guccione et al. 2010; Arkhipova et al. 2015) . Furthermore, the periplasmic flavocytochrome c, FccA, from Shewanella oneidensis MR-1 has been shown to act both as a fumarate reductase and an electron shuttle to other proteins (Schuetz et al. 2009 ). Diflavins containing both FAD and FMN-binding domains are thought to be the result of the fusion of an FMN and an FAD flavoprotein (for a recent review, see Aigrain et al. 2012) . We found that both diflavin and FRPencoding genes located with very short distance to genes encoding FMN-binding proteins, in Desulfitobacterium spp.; it is therefore likely that these are also co-transcribed (Table 6 ). All the FMN-binding proteins encode a Tat signal sequence. It is therefore likely that these after being translocated across the membrane interact with the accompanying FRP and thus function as diflavins. The presence of both FMN and FAD enables diflavins to couple one-and two-electron electron donating/accepting reactions (Murataliev, Feyereisen and Walker 2004; Aigrain et al. 2012) . A diflavin FRP (Desde 3368) from D. dehalogenans JW/IU-DC1 T was shown to strongly increase in abundance when cells were grown with Cl-OHPA as terminal electron acceptor, leading to the speculation of a possible role in the electron transport chain to the Cl-OHPA reductase CprA. The physiological role of these proteins, however, still remains to be experimentally tested (Kruse et al. 2015) .
Biosynthesis of corrinoids
Reductive dehalogenases require cobalamin (vitamin B 12 ) as cofactor (Banerjee and Ragsdale 2003) . In recent years, it has been shown that not all OHRB utilize the same type of cobalamin and that many, if not all, are able to modify available cobalamins to suit their specific requirements (Krautler et al. 2003; Yan et al. 2013; Men et al. 2014 ) (for recent review, see Moore and EscalanteSemerena 2016) . A functional anaerobic cobalamin synthesis pathway has previously been reported for the genomes of D. hafniense Y51, TCE1 and DCB-2 T (Nonaka et al. 2006; Reinhold et al. 2012; Choudhary et al. 2013) . We found that all analyzed genomes from Desulfitobacterium spp. encode intact cobalamin synthesis pathways, indicating that this is a general trait of this genus (Table 3) . The synthesis pathway is organized similarly in all analyzed desulfitobacteria. It consists of three clusters (I-III) located separately in the genomes (Fig. 5) . Cluster I encodes the proteins needed for synthesis of the basic ring structure from glutamyl-tRNA to sirohydrochlorin (also called factor II); cluster II encodes the steps starting from cobalt insertion until adenosyl cobinamide; and finally cluster III encodes all proteins needed for insertion of the lower ligand leading to cobalamin, with the exception of cobC that is located elsewhere in the genome ( Fig. 5 ; Table S2 ). In some bacteria, including Desulfitobacterium spp., CysG, catalyzing the conversion of uroporphyrinogen III to sirohaem, has been split into two. The C terminal termed Cysg A has fused with HemD, leaving a short version of CysG termed CysG B . The CysG A -HemD fusion protein catalyzes the conversion of hydroxymethylbilane to precorrin 2, and CysG B catalyzes the final step to sirohydrochlorin, as described in detail for Desulfovibrio vulgaris Hildenborough (Lobo et al. 2009 ). The genomes of D. hafniense DCB-2 T , PCP-1 and TCP-A encode an additional cysG/hemD homolog. Interestingly, this homolog is located in rdh cluster C (Table S2 and Fig. 5 ). The genome of D. dichloroeliminans encodes two copies of cbiD encoding a protein catalyzing the conversion of cobalt precorrin-5B to cobalt precorrin-6A. The duplication of cbiD seems to be the result of movement of a transposase leading to duplication of a 3.6-kb fragment encoding a transposase, cbiD, and a marR-type transcriptional regulator. An additional cbiA homolog located outside the cobalamin synthesis clusters has previously been reported for D. hafniense DCB-2 T and Y51 (Choudhary et al. 2013 ). This homolog is present in all analyzed Desulfitobacterium spp. except D. metallireducens. A closer inspection of the genomes revealed that this gene encodes DsrN, a putative siro(haem)amidase as part of a dissimilatory sulfite reductase gene cluster (Lübbe et al. 2006) . The presence of multiple cobA homologs was reported for D. hafniense DCB-2 T , Y51 and TCE1 (Choudhary et al. 2013) . The cobA gene encodes cob(I)yrinic acid a,c-diamide adenosyltransferase catalyzing the conversion of cob(I)yrinate a,c-diamide to adenosylcobyrinate a,c-diamide (Suh and Escalante-Semerena 1993) . We identified one to three additional cobA homologs outside the cobalamin synthesis clusters in the genomes of Desulfitobacterium spp. (Table S2 ). The product of cobA has, however, also been associated with uptake of corrinoids from the environment (Escalante-Semerena, Suh and Roth 1990) .
Synthesis of menaquinones
MKs, or vitamin K2, are lipophilic electron carriers, acting as electron shuttles between membrane-bound oxidoreductases (Wallace and Young 1977; Simon, van Spanning and Richardson 2008; Sharma et al. 2012) . All analyzed genomes of Desulfitobacterium spp. with the exception of D. dichloroeliminans encode one copy of the menFDHCEBIAG MK synthesis pathway (Meganathan 2001; Chen et al. 2013) (Table 3; Table S2 ). The genes menFD-HCEB are organized in a single operon, which is absent from the genome of D. dichloroeliminans. This is in line with previous findings that D. dichloroeliminans requires vitamin K2 to grow in pure culture (De Wildeman et al. 2003) . The menFDHCEB operon structure is conserved between all other desulfitobacteria, with the exception that menH is located elsewhere in the genome in both D. dehalogenans strains.
Alternative amino acids
All 12 analyzed desulfitobacterial genomes encode several predicted selenocysteine containing proteins, for example, the membrane-bound formate dehydrogenase FdhA (Fig. S4 , Table 3; Table S2 ). Selenocysteine, also called the 21st amino acid, is encoded by TGA which is usually read as an (opal) stop codon (Chambers et al. 1986; Zinoni et al. 1986 ). In agreement with this, we found the necessary gene set for synthesis and incorporation of selenocysteine in all analyzed genomes from Desulfitobacterium spp. (Table 3; Table S2 ), comprising selA, encoding a selenocysteine synthase, selB that codes for an elongation factor, selC tRNA sec and selD coding for selenophosphate synthetase (Stock and Rother 2009; Yoshizawa and Böck 2009) . Desulfitobacterium hafniense strains DCB-2 T , DP7, Y51 and D.
dehalogenans JW/IU-DC1 T have previously been reported as able to use pyrrolysine, also known as the 22nd amino acid encoded by TAG that else acts as an (amber) stopcodon (Hao et al. 2002; Srinivasan, James and Krzycki 2002; Herring et al. 2007; Prat et al. 2012b) . We found the pyrrolysine synthesis operon pylScBCDSn (Gaston et al. 2011) (Table 3; Table S2 ). Both D. dehalogenans strains JW/IU-DC1 T and PCE1 contain a 5.4-kb insert between pylSc and pylB.
Protein secretion systems
All 12 analyzed Desulfitobacterium spp. genomes encode the general secretory system (SEC) ( In addition to the sec system, all 12 Desulfitobacterium spp. genomes encode a twin arginine translocation (Tat) pathway. The Tat system facilitates translocation of proteins, such as reductive dehalogenases, in their folded state with incorporated co-factors across the cell membrane. The Tat machinery is composed of TatB and TatC, two membrane proteins involved in recognition of the Tat signal sequence and the membrane pore consisting of a multimer of TatA proteins (Palmer and Berks 2012) . The Tat genes are organized in a similar way in the genomes of all analyzed desulfitobacteria. Two genes, tatBC, are found together in a small operon, whereas one to four copies of tatA are found scattered throughout the genomes (Table S2 ). The genomes of D. hafniense TCE1, LBE and D. dichloroeliminans encode an additional tatBC set, which is disrupted by transposons and thus non-functional.
Distribution and organization of vancomycin resistance clusters
A novel gene cluster, vanI, conferring a high level (MIC > 150 μg/ml) of resistance to the glycopeptide vancomycin has previously been identified by genome analysis or PCR in D. hafniense and chlororespirans, but not in other Desulfitobacterium spp. (Table 3) (Kalan et al. 2009; Kruse et al. 2014 ). This gene cluster generally consists of vanXmurFvanWIRS ( (Hong et al. 2005; Depardieu et al. 2007 ). The products of three genes are considered essential for vancomycin resistance, namely vanX, vanI and homologs and vanH. The latter encodes a D-lactate dehydrogenase converting pyruvate to D-lactate (Depardieu et al. 2007 (Table S2) . This gene has previously been described in only Streptomyces coelicolor, where it was found to be essential for vancomycin resistance because the FemX protein expressed in the absence of vancomycin, unlike VanK, does not recognize D-lactate containing cell-wall precursors. In other vancomycin-resistant bacteria, a single FemX protein, however, seems to recognize both D-lactate and D-alanine as they usually do not encode a vanK homolog (Hong et al. 2005) . The presence of a vanK homolog in some desulfitobacteria together with the observation that vanI phylogenetic clusters with vanM from St. coelicolor suggests that vanI was acquired horizontally from the latter, as discussed previously (Kruse et al. 2014) .
Chemotaxis and motility
Desulfitobacteria are generally described as motile, and genes encoding the che chemotaxis signaling pathway have previously been reported as present in the genome of D. hafniense DCB-2 T (Villemur et al. 2006; Gábor et al. 2008) . We found genes encoding cheAYWRCD in all analyzed desulftobacterial genomes (Table S2) , with the exceptions that cheWY has been disrupted by a transposase in D. metallireducens 853-15A T and that the genome of D. hafniense strain TCE1 does not seem to encode any cheAWY genes. However, in strain TCE1, the cheR gene is located at the end of a scaffold, and the cheCD genes are located close to the edge of another scaffold. It is therefore possible that the missing genes are present in strain TCE1, but located in a gap between cheR and cheCD in the draft genome (Table 2 ; Table S2). The che genes are located in a highly conserved region on the genomes, encoding large numbers of genes associated with motility such as synthesis of flagella and flagella motor proteins. The function of the Che proteins is in brief as follows: CheRWA interact with the membrane-bound MCP. When the MCP reacts to an external stimulus, CheA gets phosphorylated and then phosphorylates the response regulator CheY. The phosphorylated CheY binds to the flagellar motor causing an alteration in the direction of swimming. The exact role of CheCD is not known (Wadhams and Armitage 2004; Gábor et al. 2008) .
CONCLUSIONS AND FUTURE PERSPECTIVES
We here presented the genome sequence of eight members of the Desulfitobacterium genus, including the first genomes of D. dichloroeliminans and D. metallireducens. When the genomes of D. hafniense Y51 and D. hafniense DCB-2 T were published, it was noticed that they only encode limited numbers of reductive dehalogenases. Unlike the obligate organohalide respiring De. mccartyi, Desulfitobacterium spp. were shown to encode a de novo corrinoid biosynthesis pathway and the genetic machinery for utilizing a wide range of organic and inorganic electron donors and acceptors including the largest number of molydopterin oxidoreductases of any bacterial genome at the time of publication (Nonaka et al. 2006; Kim et al. 2012) . The analysis of 10 additional Desulfitobacterium spp. genomes (Table 2) confirmed this general trend, with 65 predicted molydopterin oxidoreductases encoded on the genome of D. hafniense TCE1 as the maximum (Table 3 )-nearly all of them without an assigned function. A similar situation is observed for the large number of Odemethylase clusters, although recently some advances have been made (Studenik, Vogel and Diekert 2012; Mingo, Studenik and Diekert 2014) . We found indications that desulfitobacteria may be used for bioremediation of arsenate contamination (Table 3; Fig. 3 ) suggesting a potential for use in bioremediation beyond organohalide respiration. Furthermore, all but one of the genomes encodes the genes for synthesis of the two alternative amino acids selenocysteine and pyrrolysin (Table 3) . A striking observation concerned the large differences in genome size between the four analyzed Desulfitobacterium spp., which is reflected in their metabolic potential (Tables 2, 3 and 6). For many of the traits not found in the species with smaller genomes, we found truncated pathways or genes, suggesting that these traits have been present and subsequently lost, as exemplified by the discussion on arsenate resistance (Fig. 3) . Thus, gene loss may at least partially explain the genome size differences between Desulfitobacterium species. The study of desulfitobacteria has mainly focused on their possible application for bioremediation. The genomes of obligate OHRB such as De. mccartyi and Deh. restrictus PER-K23 T encode large numbers of reductive dehalogenases, ranging from 11 to 36, located in two genomic clusters (McMurdie et al. 2009; Maillard and Holliger 2016) . The composition of these clusters is highly variable between strains, and it has been speculated that in De. mccartyi, this is due to frequent horizontal gene transfers taking place in these regions (McMurdie et al. 2009 ). This is not the case in desulfitobacteria, where we found a limited number of reductive dehalogenase encoding gene clusters that do not seem to stem from horizontal gene transfers. Two rdh clusters, D and E (Table S3 , Figs 1-2), were found in members of both D. hafniense and D. dehalogenans. The fact that these clusters as well as their genomic context are conserved between species indicates that they were present in the last common ancestor of these two species. A notable exception is rdh cluster A encoding PceA/DcaA that is located on a functional transposon and found in different genomic contexts ( Fig. 1) (Maillard, Regeard and Holliger 2005; Futagami et al. 2006) . Another interesting finding is the identification of genes encoding methyl accepting chemotaxis proteins, RdhO, in rdh clusters C and D, and a partial rdhO gene in rdh cluster A. Expression of rdhO from rdh cluster C has previously been shown to be induced in the presence of chlorophenols (Gábor et al. 2008) .
A chemotactic response towards organohalides has not been demonstrated for any member of the desulfitobacteria, or to the best of our knowledge any other OHRB. Using bacteria that actively move towards and dehalogenate organohalides would be a very attractive solution for bioaugmentation, as they potentially could be applied at a few spots and then would be able to move around in the sediment leading to efficient removal of the contamination.
One of the remaining questions is the composition of the electron transport chain from MKs to RDases (Parthasarathy et al. 2015) . Involvement of a NapGH-like membrane-bound putative quinol dehydrogenase, encoded by rdhMN, was recently reported from Sulfurospirillum multivorans (Goris et al. 2014) . A similar putative quinol dehydrogenase, encoded by rdhMN, was found in rdh cluster E, but since this cluster is present in only a few Desulfitobacterium spp., other links between MKs and reductive dehalogenases must exist. Comparative proteomics revealed that a diflavin encoded by an FRP increased strongly in abundance in D. dehalogenans JW/IU-DC1 T during growth by organohalide respiration, leading to the suggestion of a possible electron mediating role in organohalide respiration (Kruse et al. 2015) . Alternatively, RdhC has been suggested to play a role in the electron transport chain to RdhA in both Dehalobacter sp. and Desulfitobacterium spp. (Futagami, Goto and Furukawa 2014; Maillard and Holliger 2016) Finally, comparative genomics with for example members of the closely related genus Dehalobacter will help unravel genetic traits associated with adaptation to a specific niche, as exemplified by the identification of three genes from rdh cluster C as also being present in the rdh B genomic region in Deh. restrictus T .
The advances in sequencing technology are likely to lead to a rapid increase in the numbers of desulfitobacteria with a sequenced genome. This is exemplified by the very recent announcement of the draft genome of a new isolate, D. hafniense DH, that does not encode any rdhA genes (Zhang et al. 2016) .
All in all, the detailed analysis of the complete genome sequence information from 12 members of the desulfitobacteria presented here provides us with a detailed road map to the journey towards understanding the vast metabolic capacity of this fascinating genus.
